Poor long-term graft patency remains a major limitation of coronary artery bypass grafting using saphenous vein aortocoronary grafts. Neointimal hyperplasia (NIH) represents the principal mechanism of graft failure; a substantial body of evidence implicates transforming growth factor-b1 (TGF-b1) in the pathogenesis of NIH. The small leucine-rich proteoglycans decorin and fibromodulin possess TGF-b-antagonist activity to differing extents and with differing avidities for the isoforms of TGF-b. We compared their ability to inhibit NIH in an ex vivo model of human saphenous vein organ culture following adenovirus-mediated gene transfer. Surgically prepared human saphenous vein segments received adenovirus expressing fibromodulin (Ad5-Fmod), decorin (Ad5-Dcn), b-galactosidase (Ad5-lacZ) or vehicle-only. Computerized morphometry 14 days after infection revealed significantly reduced neointimal area, neointimal thickness and intima/ media ratio in Ad5-Fmod-and Ad5-Dcn-infected veins. Each parameter was significantly smaller in Ad5-Fmod-than in Ad5-Dcn-exposed segments. Fibrillar collagen content and levels of biologically active TGF-b were lower in vessels receiving Ad5-Fmod or Ad5-Dcn than in those receiving Ad5-lacZ or vehicleonly. Fibromodulin is a more potent inhibitor of NIH in cultured human saphenous vein than decorin and offers potential therapeutic benefits in saphenous vein graft failure (and possibly in other forms of accelerated atherosclerosis) by reduction of associated neointima formation.
Coronary artery bypass grafting (CABG) is amongst the most commonly performed surgical procedures. Despite preferential use of arterial grafts, autologous saphenous vein is still the most widely used conduit for CABG. 1 The poor long-term patency of vein grafts is a major problem: 10 years after CABG E50% of vein grafts are occluded and E50% of the remainder are severely diseased. [2] [3] [4] Neointimal hyperplasia (NIH) and superimposed atherosclerosis are the pathogenetic bases of vein graft failure. [5] [6] [7] NIH arises as a consequence of accumulation of cells (principally smooth muscle cells (SMCs) and myofibroblasts) and extracellular matrix (ECM) on the graft's luminal aspect and is the principal mechanism of graft failure between 1 and 12 months after implantation. The neointima also provides a fertile soil for the development of superimposed atherosclerosis. Curative or preventative pharmacological interventions for NIH
have not yet emerged. Prevention of vein graft failure is an attractive target for gene therapies because veins can be easily transduced ex vivo before grafting.
The profibrotic cytokine transforming growth factorb1 (TGF-b1) is implicated by a substantial body of evidence in the pathogenesis of NIH following arterial injury 8, 9 and in vein graft disease. 10, 11 Two small leucinerich proteoglycans (SLRPs), fibromodulin and decorin, possess TGF-b1 and TGF-b3 antagonist activity in vitro and in vivo. [12] [13] [14] [15] Studies of decorin gene transfer into injured arteries have demonstrated significant inhibition of NIH. 16, 17 Fibromodulin, which has not been studied in the setting of vascular injury, is a more effective competitor for TGF-b1 binding than decorin and has a lower affinity than decorin for TGF-b3.
14 This is pertinent because overexpression of TGF-b3 at the site of vascular injury has been associated with reduced luminal loss. 18 Fibromodulin has been suggested to act as a mediator of scarless wound healing in the fetus 19 and has been shown, following adenovirus-mediated overexpression, to improve wound healing and reduce scarring in cutaneous wounds. 15 On these bases we hypothesized that fibromodulin would inhibit NIH to a greater extent than decorin in organ-cultured human saphenous vein grafts.
Replication-defective adenoviruses were generated containing the cDNAs for human decorin and bovine fibromodulin (Ad5-Dcn and Ad5-Fmod, respectively) within the PREP cassette, an expression cassette developed to maximize transgene expression in SMCs. 20 Transgene expression from each virus was confirmed in a bioassay of TGF-b activity based on induction of luciferase expression by TGF-b in mink lung epithelial cells stably transfected with the luciferase cDNA under control of a TGF-b-responsive promoter (MLEC(PAI/ L)). 21 Conditioned medium (CM) from Ad5-Fmod-and Ad5-Dcn-infected SMC inhibited induction of luciferase expression (which correlates with TGF-b activity) at all concentrations of TGF-b1 (Figure 1a , all Po0.001). Luciferase activity induced by 0.1 ng ml À1 of TGF-b1 in Ad5-lacZ-CM did not differ significantly from that induced by TGF-b1 at a concentration of 1.0 ng ml À1 in Ad5-Fmod-CM and Ad5-Dcn-CM. Likewise, luciferase activity induced by TGF-b1 at 0.01 ng ml À1 in Ad5-lacZ-CM did not differ significantly from that induced by TGF-b1 at a concentration of 0.1 ng ml À1 in Ad5-Fmod-CM and Ad5-Dcn-CM. Fibromodulin and decorin are capable, therefore, of inhibiting E90% of the biological activity of TGF-b1 at concentrations of 0.1-1 ng ml À1 in this assay.
Similarly, induction of luciferase expression was significantly reduced in MLEC(PAI/L) exposed to TGF-b3 at concentrations of 0.01 and 0.1 ng ml À1 in Ad5-Fmod-CM and Ad5-Dcn-CM compared to that seen in cells exposed to Ad5-lacZ-CM ( Figure 1b , both P-values o0.001). Ad5-Dcn-CM also inhibited luciferase expression in MLEC(PAI/L) exposed to TGF-b3 at a concentration of 1.0 ng ml
À1
, however luciferase expression in MLEC(PAI/L) exposed to Ad5-Fmod-CM containing 1.0 ng ml À1 TGF-b3 did not differ significantly from that in cells exposed to Ad5-lacZ-CM containing 1.0 ng ml À1 TGF-b3. These observations are in keeping with the previous report that fibromodulin binds TGF-b3 with less avidity than decorin. 14 We were unable, however, to detect any difference between the abilities of fibromodulin and decorin to inhibit the biological activity of TGF-b1 at the concentrations studied.
Having confirmed their ability to antagonize TGF-b1, the ability of Ad5-Dcn and Ad5-Fmod to inhibit NIH was studied in organ-cultured human saphenous vein segments. Transgene expression 72 h after infection of vein segments with Ad5-Dcn or Ad5-Fmod was confirmed immunohistochemically (Figure 2 ). The effects of transgene expression on NIH (Figure 3a-d) were assessed 14 days after infection. The neointimal area, intima/media (I/M) ratio and maximum neointimal thickness in vein segments exposed to Ad5-Dcn (n ¼ 8) or Ad5-Fmod (n ¼ 11) were significantly lower than those in veins exposed to Ad5-lacZ (n ¼ 12) or phosphate-buffered saline (PBS) (n ¼ 7) (Figures 4a-c) . No difference was observed between the Ad5-lacZ and PBS groups with respect to any of the parameters measured. However, the neointimal area, I/M ratio and maximum neointimal thickness in the Ad5-Fmod group were significantly less than those in the Ad5-Dcn group.
That decorin expression should suppress NIH in this setting is not surprising, as studies of decorin gene transfer into injured rat and rabbit arteries have reported a significant inhibition of NIH. 16, 17 The difference between the Ad5-Dcn and Ad5-Fmod groups is in keeping with our initial hypothesis that fibromodulin's profile of binding of TGF-b isoforms is better suited to suppression of NIH than that of decorin.
In addition to antagonizing TGF-b, decorin and fibromodulin both regulate collagen fibril formation and degradation. Both SLRPs protect collagen fibrils from collagenase-mediated degradation, 22 while simultaneously inhibiting collagen fibril formation in vitro and appearing in vivo to fulfill a regulatory function . Conditioned media were prepared by infection of human coronary artery SMC at 490% confluence with Ad5-Fmod, Ad5-Dcn or Ad5-lacZ at multiplicity of infection (MOI) of 100. Infected SMC were cultured in 2% serum medium for 48 h. Mink lung epithelial cells stably transfected with the luciferase cDNA under control of a TGF-b-responsive promoter (MLEC(PAI/L)) were cultured as described previously. 21 Conditioned media were supplemented with human TGF-b1 or TGF-b3 to final concentrations of 0.01; 0.1 and 1.0 ng ml À1 ; then 500 ml of each supplemented medium was added to 24-well plates seeded with MLEC(PAI/L). After overnight incubation, luciferase activity and protein content in the cell lysate from each well were assayed. All data are mean ± s.e.m. Data from multiple groups were analyzed by one-way analysis of variance (ANOVA). Comparisons were made between groups by Newman-Keuls post hoc test. Luciferase expression was lower in MLEC(PAI/L) exposed to TGF-b1-supplemented conditioned medium from Ad5-Fmod-and Ad5-Dcn-infected SMC than in cells exposed to medium from Ad5-lacZ-infected or uninfected SMC across a 100-fold range of TGF-b1 concentrations. Luciferase expression was lower in MLEC(PAI/L) exposed to conditioned media from Ad5-Fmod-and Ad5-Dcn-infected SMC supplemented with 0.01 or 0.1 ng ml À1 TGF-b3 than in cells exposed to medium from Ad5-lacZ-infected or uninfected SMC. Ad5-Dcn-CM also suppressed luciferase expression in MLEC(PAI/L) exposed to 1 ng ml À1 TGF-b3, however Ad5-Fmod-CM did not antagonize TGF-b3 at 1 ng ml
.
Fibromodulin inhibits NIH in vein grafts P Ranjzad et al in determining fibril size. 23, 24 In an effort to identify the mechanism by which decorin and fibromodulin suppress neointima formation, the collagen content and the amount of biologically active TGF-b in Ad5-Fmodand Ad5-Dcn-infected vein segments were compared with those in Ad5-lacZ-infected-and PBS-exposed vessels.
The collagen content of veins exposed to Ad5-Dcn or Ad5-Fmod was less than that in the PBS and Ad5-lacZ groups ( Figure 5a To confirm that the lesser collagen staining in the Ad5-Fmod and Ad5-Dcn groups was not simply a consequence of smaller vessel areas, the collagen 'concentration' in each area was calculated as area of picrosirius red staining in vessel wall layer area of vessel wall layer
The collagen 'concentration' in all layers of the vessel wall was lower in Ad5-Dcn and Ad5-Fmod segments than in the control groups (Figures 6a-c) . The main effect resided in reduced neointimal collagen concentration, but the concentration was reduced throughout the vessel wall. No significant differences were observed between PBS and lacZ groups or between the Ad5-Dcn and Ad5-Fmod groups. Figure 2 Immunohistochemical analysis of transgene expression. Surgically prepared human saphenous vein segments, excess to surgical requirement, were retrieved from a local cardiothoracic surgical unit. Expression of fibromodulin and decorin was assessed in segments infected with 10 8 IU of Ad5-Dcn, 10 8 IU of Ad5-Fmod or 10 8 IU of Ad5-lacZ for 1 h before being cultured for 72 h. Ad5-Fmod-infected segments were exposed to rabbit anti-fibromodulin (generously provided by Dr PJ Roughley, Shriners Hospital for Children, Canada), which revealed immunopositivity within the media of the vessel (a) that was not seen in vein segments infected with Ad5-lacZ (b) or in Ad5-Fmodinfected segments exposed to secondary antibody only (c). Ad5-Dcn-infected segments were exposed to a goat anti-decorin antibody (R&D Systems, Minneapolis, MN, USA; AF143) that likewise revealed immunopositivity within the media (d) that was not seen in vein segments infected with Ad5-lacZ (e) or in Ad5-Dcn-infected segments exposed to secondary antibody alone (f). Bars ¼ 100 mm.
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Quantification of active TGF-b within the vein segments was performed using a modified MLEC (PAI/L) assay. 25 Luciferase expression was significantly lower in MLEC(PAI/L) exposed to sections from Ad5-Dcn-and Ad5-Fmod-infected veins than in MLEC (PAI/L) exposed to PBS (Figure 7) . Expression was also lower in decorin and fibromodulin sections than in Ad5-lacZ-exposed veins, but this difference was Figure 3 Representative sections from vein segments after 14 days of organ culture. Surgically prepared human saphenous vein segments, excess to surgical need were retrieved from a local cardiothoracic surgical unit. Specimens were transported to the tissue culture laboratory at room temperature in transfer medium (20 mM HEPES-buffered RPMI-1640 with 2 mM L-glutamine, 2.5 mg ml À1 gentamicin, 100 IU ml À1 penicillin, 100 mg ml À1 streptomycin and Sodium heparin 4 U ml À1 ). Segments were divided into 15 mm lengths and cannulated. One of the following was instilled into the isolated lumen of the vein: 100 ml of PBS; 10 8 infectious units (IU) of Ad5-lacZ; 10 8 IU of Ad5-Dcn; 10 8 IU of Ad5-Fmod, in a volume of 100 ml. To minimize the potential for patient variables to influence outcomes, at least one section from each vein was allocated to a control group (PBS or Ad5-lacZ) and at least one was allocated to a treatment group (Ad5-Fmod or Ad5-Dcn). The instillate was left in the vein for 1 h before being washed out with 1 ml PBS. The veins were opened longitudinally and maintained for 14 days with luminal surface uppermost in culture medium (RPMI-1640 supplemented with 30% fetal calf serum 2 mM L-glutamine, 2.5 mg ml À1 gentamicin, 100 IU ml À1 penicillin and 100 mg ml À1 streptomycin). Vessels were then fixed, divided into 3-mm-long blocks, paraffinembedded, sectioned and stained for elastic tissues (Accustain; Sigma Diagnostics, St Louis, MO, USA) or for collagen (picrosirius red). Segments stained for elastic tissues: (a) PBS; (b) Ad5-lacZ; (c) Ad5-Dcn; (d) Ad5-Fmod. Internal (black arrows) and external elastic laminae (red arrows) and neointima (between green arrows) are depicted in all vessels. The green arrows represent the maximum neointimal thickness in each segment. Bar ¼ 500 mm. Segments stained for collagen: (e) PBS; (f) Ad5-lacZ; (g) Ad5-Dcn; (h) Ad5-Fmod. Bar ¼ 500 mm.
Fibromodulin inhibits NIH in vein grafts P Ranjzad et al marginally less than statistically significant. Nonetheless, these data confirm that lower levels of biologically active TGF-b are present in vein segments in which decorin or fibromodulin are expressed. As with collagen content in the vessel wall however, there was no difference between decorin-and fibromodulin-exposed veins.
The effects of TGF-b on SMC proliferation and migration are complex and often apparently contradictory. TGF-b1 induces vascular SMC apoptosis, 26 however decorin, despite antagonizing TGF-b1, has been shown to induce apoptosis of cultured SMC too. 27 What little is known of the effects of fibromodulin suggests that it may protect cells from apoptosis: fibromodulin/ biglycan double-knockout mice show increased chondrocyte apoptosis, 28 whereas upregulation of fibromodulin has been observed in leukemia cells that are resistant to DNA damage-induced apoptosis. 29 No attempt has been made to assess the effects of fibromodulin on SMC apoptosis.
To ascertain whether the reduction in active TGF-b in the Ad5-Dcn-and Ad5-Fmod-infected segments had any effect on cellularity or apoptosis within the vessel wall, we measured cell density within segments from each group and assessed expression of cleaved caspase-3 by immunohistochemistry. Medial cell density did not differ between the four groups (Figure 8a ), however neointimal cell density was significantly less in fibromodulin-treated vessels (P ¼ 0.019) than in the other three groups ( Figure  8b ). Neointimal cellularity did not differ between the PBS, lacZ and decorin-treated groups. Significantly less immunopositivity for cleaved caspase-3 was observed in Figure 4 Morphometric analysis of neointima formation: (a) neointimal area, (b) intima/media ratio and (c) maximum neointimal thickness in vein segments exposed to phosphate-buffered saline (PBS), Ad5-lacZ, Ad5-Dcn or Ad5-Fmod. After staining for elastic tissues, the neointimal area, medial area and maximum neointimal thickness were measured in 7-mm-thick sections taken from each 3-mm-long block of paraffin-embedded vein segment by a blinded observer using a Leica Quantimet 600S digital analysis system. All parameters are significantly smaller in segments exposed to Ad5-Dcn or Ad5-Fmod than in segments exposed to Ad5-lacZ or PBS. Neointimal area, I/M ratio and maximum neointimal thickness are all significantly smaller in Ad5-Fmod-infected veins than in those from the Ad5-Dcn group. After picrosirius red staining the area of birefringent red staining when viewed under circularly polarized light was measured in 7-mm-thick sections taken from each 3-mm-long block of paraffin-embedded vein segment by a blinded observer using a Leica Quantimet 600S digital analysis system. Collagen content in all layers of the vessel wall is significantly less in Ad5-Dcn-and Ad5-Fmod-infected segments than in both control groups.
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Ad5-Fmod-treated vessels than in vessels exposed to PBS, Ad5-lacZ or Ad5-Dcn ( Figure 9 ). Cleaved caspase-3 expression was lower in the Ad5-Dcn group than in those vessels exposed to Ad5-lacZ, however cleaved caspase-3 levels did not differ between the Ad5-Dcn and PBS groups. In all groups the majority of caspase-3 immunopositivity was observed in the deep medial layer of the vessel wall and little apoptosis was seen on the luminal aspect of the vessels. So, we have demonstrated that expression of fibromodulin in surgically prepared human saphenous vein conduits resulted in reductions in neointimal area, I/M ratio and maximum neointimal thickness of 78, 81 and 76%, respectively, compared to the pooled control data. Decorin expression elicited reductions in neointimal area, I/M ratio and maximum neointimal thickness of 34, 41 and 40%, respectively. Both SLRP modify those processes that give rise to neointima formation, but fibromodulin expression confers a twofold greater suppression of NIH. Our mechanistic studies demonstrate that both SLRPs are associated with lower collagen content and with lower levels of biologically active TGF-b, but the magnitude of these effects does not differ between the two proteoglycans. These data do not clarify why the effect elicited by fibromodulin is greater than that to which decorin gives rise. Low levels of cleaved caspase-3 in the Ad5-Fmod group suggest that this effect is not mediated by an enhancement of apoptosis at the 14-day time point, although some such effect at an earlier time point cannot be excluded. Indeed it is tempting to infer that the similarity between the graphs of neointimal area and cleaved caspase-3 staining at day 14 suggests a causal relationship between the two; however, enhanced apoptosis in the first few days after infection would not be in keeping with previous observations (albeit limited) of the effect of fibromodulin on apoptosis. The fact that cellularity is the same in the media of all groups at day 14, but that much less cleaved caspase-3 is seen in the fibromodulin group supports the notion that Ad5-Fmod elicits some inhibitory effect on cell proliferation in the early stages of NIH, which is resolving by day 14. The The area of picrosirius red staining in each layer of the vessel wall was divided by the area of each layer measured in the elastic-tissue-stained section adjacent to the picrosirius red-stained section. The adventitia and media could not be distinguished in picrosirius red-stained sections, so these layers were measured as a single combined area. Collagen concentration in all layers of the vessel wall was significantly less in Ad5-Dcn-and Ad5-Fmod-infected segments than in both control groups.
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Luciferase Activity (RLU/mm Fibromodulin inhibits NIH in vein grafts P Ranjzad et al reduced neointimal cellularity observed in the fibromodulin-treated vessels suggests that fibromodulin also has some effect on SMC migration into the neointima or on proliferation within the neointima that also seems to occur relatively early in the course of NIH. Further studies to clarify these mechanisms are warranted. Inhibition of TGF-b1 is frequently associated with reduced vessel collagen content in vascular injury 11, 30, 31 (although not invariably 9 ) and reduced collagen content is typically associated with reduced NIH 30, 31 (although once again, not invariably 32 ). It is possible therefore that the effects of fibromodulin and decorin are mediated entirely by antagonism of TGF-b1. However, as both SLRPs also reduce the size of fibrils formed by polymerization of type I collagen, it is possible that the reduction in fibrillar collagen content in decorin-and fibromodulin-exposed veins is a consequence of nonincorporation of monomeric collagen into polymeric fibrils. Furthermore, inhibition of collagenase-mediated degradation of fibrillar collagen might inhibit neointima formation by suppressing cellular migration, 33, 34 so it is quite feasible that the effects on neointima formation are entirely consequent upon the modulatory effects of decorin and fibromodulin on collagen formation and turnover. It is more difficult, however, to account for how such a mechanism of action might elicit a reduction in active TGF-b1 levels, and it is likely that the effects of both decorin and fibromodulin on NIH are mediated, at least in part, by a combination of direct antagonism of TGF-b1 and direct effects on collagen homoeostasis.
The assay used to quantify TGF-b activity in vein segments did not distinguish between TGF-b isoforms. It is possible therefore that TGF-b activity in Ad5-Fmodexposed veins is predominantly due to TGF-b3 expression, whereas that in Ad5-Dcn-exposed veins is predominantly due to TGF-b1 expression. This would be in keeping with the predilections of each SLRP for binding of these TGF-b isoforms. 14 We have previously demonstrated that TGF-b3 expression is associated with reduced luminal loss after coronary angioplasty 18 and studies in cutaneous wound healing have demonstrated reduced ECM deposition and diminished scar formation in wounds exposed to TGF-b3. 35 At the present this remains the most plausible mechanism to account for the differences observed between decorin and fibromodulin.
Decorin is an effective suppressor of NIH in models of arterial injury. 16, 17 On that basis there are grounds for optimism regarding the effects of fibromodulin in these settings and we will be using fibromodulin in future studies of gene transfer in in vivo models of arterial injury and of vein grafting. Other studies are planned to clarify the mechanism by which the differences observed between decorin and fibromodulin come about. In the meantime, the results of this study demonstrate that delivery of adenovirus vectors expressing decorin or fibromodulin to organ-cultured human saphenous vein grafts markedly reduces neointima formation at 14 days and that fibromodulin is a more potent inhibitor of NIH than decorin. Inhibition of NIH is related to lower levels of apoptosis and a decrease in the collagen content of the vessel, implying an antagonist effect on cell proliferation/migration and collagen synthesis induced by TGFb1, and/or direct inhibition of collagen fibrillogenesis.
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The authors declare no conflict of interest. Figure 8 Medial (a) and neointimal (b) cellularity in veins 14 days after exposure to PBS, Ad5-lacZ, Ad5-Dcn or Ad5-Fmod. After staining with hematoxylin and eosin, the number of cell nuclei in the media and the neointima were counted by a blinded observer in three randomly selected high-power visual fields in 7-mm-thick sections taken from each 3-mm-long block of paraffin-embedded vein segment. The area of neointima and media in each high-power field was measured using a Leica Quantimet 600S digital analysis system and the number of cell nuclei per unit area calculated. No difference was observed between the medial cellularity in all four groups. Neointimal cellularity was lower in vein segments exposed to Ad5-Fmod than in the other three groups. No difference was observed between PBS, Ad5-lacZ and Ad5-Dcn groups. Figure 9 Caspase-3 immunohistochemistry in veins 14 days after exposure to PBS, Ad5-lacZ, Ad5-Dcn or Ad5-Fmod. Apoptosis within vein segments was assessed by immunohistochemistry for cleaved caspase-3 (Cell Signaling, Danvers, MA, USA; No. 9661). The area of immunopositivity in each section was measured as a proportion of the total area of the section by a blinded observer using a Leica Quantimet 600S digital analysis system. Less cleaved caspase-3 was identified in segments exposed to Ad5-Fmod than in each of the other groups. Levels of cleaved caspase-3 were reduced in Ad5-Dcn-exposed segments compared with the Ad5-lacZ segments, but did not differ significantly from those in the PBS group. Representative sections from segments exposed to PBS (a); Ad5-lacZ (b); Ad5-Dcn (c) and Ad5-Fmod (d).
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